We report on measurements of CH 4 , O 3 , NO 2 , BrO and some key brominated source gases within the subtropical lowermost stratosphere (LS), tropical upper troposphere (UT) and tropopause layer (TTL) (14 -18.5 km). The measurements were performed within the framework of the NASA-ATTREX (National Aeronautics and Space Administration -Airborne Tropical Tropopause Experiment) project from aboard the Global Hawk (GH) during 6 deployments over the Eastern Pacific in early 2013. O 3 , NO 2 , and BrO were remotely monitored by analyzing limb scattered skylight in the UV and visible spectral 5 ranges using the observations of the mini-DOAS (Differential Optical Absorption Spectroscopy) instrument (Stutz et al., 2016).
they are close to, or below the detection limit of 15 ppt in daytime. The measured BrO concentrations range between 3 -9 ppt in the subtropical LS, and in the TTL they reach 0.5 ± 0.5 ppt at the bottom of the TTL (150 hPa/355 K/14 km) and up to about 5 ppt at the top of the TTL (70 hPa/425 K/18.5 km, for the TTL definition see Fueglistaler et al. (2009) ), in overall good agreement with the model simulation, and the expectation based on the destruction of brominated source gases.
The TOMCAT/SLIMCAT simulations tend to slightly under-predict measured BrO depending on the photochemical regime 5 studied, even when constrained to the measured O 3 and NO 2 , and adjusted to match the observed concentrations of some key brominated source gases. The measured BrO and modeled BrO/Br inorg y ratio is further used to calculate inorganic bromine, Br inorg y . For the TTL (i.e. when [CH 4 ] ≥ 1390 ppb), Br inorg y is found to increase from a mean of 2.63 ± 1.04 ppt for θ in the range of 350 -360 K to 5.11 ± 1.57 ppt for θ = 390 − 400 K, whereas in the subtropical LS (i.e. when [CH 4 ] ≤ 1390 ppb), it reaches 7.66 ± 2.95 ppt for θ in the range of 390 -400 K. Finally, the TOMCAT/SLIMCAT simulations indicate a net 10 destruction of ozone of -0.5 ppbv/day at the base of the TTL (θ = 355 K) and a net production of + 1.8 ppbv/day at its top (θ = 383 K).
Introduction
At present bromine is estimated to be responsible for roughly 1/3 of the observed global chemical depletion in stratospheric ozone (WMO, 2014) . Past research has revealed that total stratospheric bromine (Br y ) has (in 2013) 4 major sources, or 15 contributions: (1) CH 3 Br which is mostly emitted by natural and anthropogenic sources with a present contribution of 6.9 ppt to Br y , (2) 4 major halons (CClBrF 2 or Halon-1211; CBrF 3 or Halon-1301; CBr 2 F 2 or halon-1202 and CBrF 2 CBrF 2 or halon-2402) all emitted from anthropogenic activities with a present contribution of 8 ppt to Br y , and (3) so-called very shortlived species (VSLS), and (4) inorganic bromine of the upper troposphere which is transported into the stratosphere. Together sources 3 and 4 are assessed to contribute 5 (2 -8) ppt to stratospheric bromine (WMO, 2014) . Previous assessments of total 20 Br y and its trend revealed [Br y ] levels of ≈ 20 ppt (16 -23 ppt) in 2011, which has been decreasing at a rate of -0.6 %/yr since the peak levels observed in 2000. This decline is consistent with the decrease in total organic bromine in the troposphere based on measurements of CH 3 Br, and the halons (WMO, 2014) .
Estimates of stratospheric Br y essentially rely on two methods: First, the so-called organic (Br org y ) method, where all bromine from organic source gases (SG) found at stratospheric entry level is summed (Wamsley et al. (1998) , Pfeilsticker 25 et al. (2000) , Sturges et al. (2000) , Brinckmann et al. (2012) , Navarro et al. (2015) ). Second, total inorganic bromine (Br inorg y ) is inferred from atmospheric measurements (e.g., performed from the ground, aircraft, high-flying balloons, or satellites) of the most abundant Br y species, BrO, assisted by a suitable correction for the Br inorg y partitioning inferred from photochemical modeling (e.g., Pfeilsticker et al. (2000) , Richter et al. (2002) , Van Roozendael et al. (2002) , Sioris et al. (2006) , Dorf et al. (2006a) , Hendrick et al. (2007) , Dorf et al. (2008) , Theys et al. (2009) , Theys et al. (2011) , Rozanov et al. (2011), Parrella et al. 30 (2013), Stachnik et al. (2013) , and others). While the organic method is rather precise for the measured species (accuracies are several 0.1 ppt), it suffers from the shortcoming of not accounting for any inorganic bromine (contribution 4) directly entering the stratosphere. Uncertainties in the inorganic method arise from uncertainties in measuring BrO as well as from modeling 3), indicating that eventually some Br inorg y (i.e. several ppt) is directly transported from the troposphere into the stratosphere (contribution 4).
Based on these findings, Hossaini et al. (2015) provided evidence for the efficiency of short-lived halogens to influence climate through depletion of lower stratospheric ozone (for contribution 3), but without explicitly considering the effect of inorganic bromine readily transported across the tropical tropopause (i.e. contribution 4). They concluded that VSLS bromine 5 alone exerts a 3.6 times larger ozone radiative effect than due to long-lived halocarbons, when normalized to their halogen content. Moreover the benefit for ozone and UV radiation due to the declining stratospheric chlorine and bromine since the implementation of the Montreal protocol was quantified in a recent study by Chipperfield et al. (2015) .
The present paper reports on measurements of BrO (and NO 2 , O 3 , CH 4 , and the brominated source gases) made during the ATTREX deployments of the NASA Global Hawk into the LS, UT, and TTL of the Eastern Pacific in early 2013. Correspond- 10 ing data collected during the Western Pacific deployments in early 2014 will be reported in a forthcoming paper, primarily since most of the 2014 measurements were performed under TTL cirrus-affected conditions, for which the interpretation of UV/vis spectroscopic measurements is not straightforward (see below). The present paper further addresses the amount of inorganic bromine found in the TTL, and its transport into the lowermost tropical stratosphere (contribution 4), together with the implications for ozone. 15 Our study accompanies those of Navarro et al. (2015) and Stutz et al. (2016) . While Stutz et al. (2016) discusses the instrumental details and the methods employed to remotely measure BrO, NO 2 , and O 3 , the study of Navarro et al. (2015) reports on the GWAS measurements of CH 3 Br (contribution 1), the halons (contribution 2), and the brominated VSLS (contribution 3) analyzed in whole air samples, which were simultaneously taken from aboard the NASA Global Hawk over the Eastern and Western Pacific during the 2013 and 2014 deployments, respectively. 20 The paper is organized as follows. Section 2 briefly describes all key methods used in the present study. Section 3 discusses the major features how to infer absolute concentrations from measured slant column amounts from O 3 , NO 2 , and BrO, namely the optimal estimation technique, and of our novel O 3 -scaling technique together with their sensitivity to various input and model parameters. In section 4, the major observations are presented and discussed along with the amount of inorganic bromine present within the TTL. Further implications of our measurements for the photochemistry of bromine and ozone within the 25 TTL and lowermost subtropical stratosphere are discussed. Section 5 concludes the study.
Methods
The instruments of the NASA-ATTREX package most important for the present study consists of a fast UV photometer for measurement of ozone (Gao et al., 2012) , a gas chromatograph (UCATS, Wofsy et al. (2011) and Moore et al. (2003) ) as well as a Picarro instrument (HUPCRS, Crosson (2008) , Rella et al. (2013), and Chen et al. (2013) ) to measure CH 4 , CO 2 , and CO, 30 a whole air sampler (GWAS, Schauffler et al. (1998) and Schauffler et al. (1999) ) to analyze a large suite of stable trace gases, and a 3-channel scanning limb mini-DOAS instrument for spectroscopic detection of O 3 , NO 2 , BrO, OClO, IO, O 4 , O 2 , measurements within the middle atmosphere (Deutschmann et al., 2011) . Even though the 3 (UV/vis/near-IR) mini-DOAS spectrometers are not radiometrically calibrated on a absolute scale, past comparison exercises of measured and McArtim modeled limb radiance provide confidence on the quality of the RT simulations (e.g., see Fig. 5 and Fig. 6 in Deutschmann et al. (2011) and Fig. 2 in Kreycy et al. (2013) ).
For the simulations of the trace gas absorptions measured in limb direction, the RT model is further fed with TOM- 10 CAT/SLIMCAT simulated curtains of the targeted gases simulated along the GH flight paths (see section 2.7).
Photochemical modeling
For the interpretation of our measurements, we use simulations of the TOMCAT/SLIMCAT 3-D chemical transport model (CTM) (Chipperfield (1999) , and Chipperfield (2006)). More specifically, the simulations are used for inter-comparison with measured photochemical species, for assessment of the budget of Br inorg y , and for sensitivity studies on the impact of our 15 measurements on the photochemistry of bromine and ozone in the subtropical UT/LS, tropical UT, and TTL.
For the present study the TOMCAT/SLIMCAT model is driven by meteorology from the ECMWF ERA-interim reanalyses (Dee et al., 2011) . The reanalyses are used for the large-scale winds and temperatures as well as convective mass fluxes (Feng et al., 2011) . The model has a detailed stratospheric chemistry scheme with kinetic and photochemical data taken from JPL-2011 Sander et al. (2011) with recent updates. The model chemical fields are constrained by specified time-dependent surface 20 mixing ratios. For the brominated species, the following surface mixing ratios of stratospheric-relevant source gases are assumed: [CH 3 Br] = 6.9 ppt, [halons]= 7.99 ppt, [CHBr 3 ] = 1 ppt, [CH 2 Br 2 ] = 1 ppt, and Σ [CHClBr 2 , CHCl 2 Br, CH 2 ClBr, ....] = 1 ppt of Br, which together contain 1 ppt of bromine atoms. Organic bromine is thus [Br org y ] = 20.89 ppt at the surface, in agreement with recent reports (e.g., WMO (2014) , Sala et al. (2014) ). No other (c.f., unknown organic or inorganic) sources of bromine for UT, LS, and TTL are assumed (e.g., Fitzenberger et al. (2000) , Salawitch et al. (2010) , Wang et al. (2015) , and 25 others), except that we add 0.5 ppt to the modeled tropospheric BrO in agreement with the finding discussed below (section 4.6). The surface concentration of CH 4 is specified based on observations of AGAGE (https://agage.mit.edu/) and NOAA, which reflect recent variations in its growth rate.
The standard model run (#583) is initialized in 1979 and spun-up for 34 years at low horizontal resolution (5.6 • × 5.6 • ) and with 36 unevenly spaced sigma-pressure vertical levels in the altitude range 0 -63 km. Output from January 1, 2013 is ≤ 1390 ppb are labeled 'subtropical' and [CH 4 ] ≥ 1390 ppb) are labeled 'tropical ', and (b) [O 3 ] ≤ 150 ppb), which we find suitable from a visual inspection of our data (see below).
As mentioned above and outlined in detail in the study of Stutz et al. (2016) , the processing of the mini-DOAS data included (a) spectral retrieval of the targeted gases from the mini-DOAS measurements (section 2.1), (b) forward modeling of the ra-5 diative transfer for each measured spectrum (section 2.6), and either applying optical estimation or the novel x-gas scaling technique (see sections 4.1 and 4.2 in Stutz et al. (2016) ). Comprehensive sensitivity simulations indicated that optical estimation based on constraints inferred from measured O 4 and/or relative radiance would not result in the desired error range (Stutz et al. (2016) , section 4.2). Therefore we decided to apply the x-gas scaling technique (Stutz et al. (2016) and Raecke (2013) ) with x being ozone measured in-situ by the NOAA-2 O 3 photometer (see section 2.2). 10 The O 3 -scaling technique makes use of the in-situ O 3 measured by the NOAA instrument (Gao et al., 2012) and the limb measured O 3 total slant column amounts (SCD O3 ) either monitored in the UV (for the retrieval of BrO in the 343 -355 nm wavelength band) or visible wavelength range (for the retrieval of NO 2 in the 424 -460 nm wavelength band) (see equation 12 in Stutz et al. (2016) ). Here the ratio of the measured slant column and in-situ measured SCD O3 /[O 3 ] can be regarded as a proxy for the (horizontal) light path length over which the absorption is collected. In fact in the paper of Stutz et al. (2016) , it 15 is argued that the so-called α factors account for the fraction of the absorption of the scaling gas x (e.g., x = O 3 in our study) picked-up on the horizontal light paths ahead of the aircraft relative to the total measured absorption. The sensitivity study on the α factors presented in Stutz et al. (2016) (e.g., in the supplement) indicates that for the targeted gases uncertainties in α factor ratios due to assumptions regarding the radiative transfer (for example due to Mie scattering by aerosols and clouds) mostly cancel out, while uncertainties in the individual profile shapes of the targeted and scaling gas are most relevant for the 20 errors of the inferred gas concentrations. Therefore in the present study, profile shapes of the targeted and scaling gas predicted by the TOMCAT/SLIMCAT CTM are used in the radiative transfer calculations, aiming at the calculation of the α factors. The uncertainties in the profile shapes (assumed to be of the order of the altitude adjustment of the CH 4 and O 3 curtains, which are typically much smaller than the altitude grid spacing in the SLIMCAT/TOMCAT simulations) are then carried over to calculate the overall errors, as discussed in section 4.4 of the Stutz et al. (2016) study.
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It should be noted that, for the flight on Feb. 21, 2013 21, (SF4-2013 , the DOAS retrieval is much less robust than for all the other flights, most likely because the Fraunhofer reference spectra (taken via a diffuser) are affected by temporally changing residual structures likely due to ice deposits or some other residues on the entrance diffuser. Therefore the data of this flight are not analyzed in detail, but they are only reported for completeness here.
Finally, in our analysis only those data which are taken at a solar zenith angle (SZA) ≤ 88 • are considered, because for 30 increasing SZAs the received skylight radiance requires increasingly longer signal integration times, and are thus averaged over longer distances ahead of the aircraft. Moreover, as the SZA increases the skylight is expected to traverse an increasingly inhomogeneous curtain of the probed radicals (e.g., inspect Figs. 5, and 6 in Stutz et al. (2016) ). As consequence, the spatial grid of TOMCAT/SLIMCAT (1.2 × 1.2 • ) on which the photochemistry is simulated appeared too coarse for a useful interpretation of our measurements at large SZAs. Therefore for a tighter interpretation of our data, a model with higher spatial resolution by up to 0.2 ppt for low concentrations (lower left panel). This is most likely due to an assumed too low surface concentration (1.05 ppt), and errors the atmospheric lifetime by reactions of CH 2 Br 2 with OH radicals in the model (e.g. Mellouki et al. (1992) , Ko et al. (2013) , WMO (2014) ).
The flight-to-flight and sample-to-sample scatter in CH 3 Br, and CHBr 3 is mostly due to different source regions of the air masses probed during SF1-2013 to SF6-2013. This implies a spatially (and possibly time-dependent) varying source strength 15 of the brominated natural source gases to be implemented in the model (e.g., Hossaini et al. (2013) , Ziska et al. (2013) , and others). In the present version of the TOMCAT/SLIMCAT simulations, this scatter introduces an estimated uncertainty of ± (2011)) for the interpretation of their measurements, they were using the optimal estimation technique to retrieve the BrO profiles (Volkamer et al., 2015) . It is known that the optimal 10 estimation technique may deliver robust results if the region of interest is carefully sampled, and if the so-called forward model describes reasonably well the physical reality (Rodgers, 2000) . Accordingly, Wang et al. (2015), and Volkamer et al. (2015) invested significant effort to constrain well their radiative transfer, for example by using information on the aerosol type and their optical properties gained by other instrumentation and/or by constraining the radiative transfer with measured information on the absorption of the O 2 -O 2 collisional complex (see Fig. 3 in Volkamer et al. (2015)). Our study on the sensitivity of the (Sander et al., 2011 ) (see the blue crosses in Fig.   12 ). Evidently increasing J/k helps to close the remaining gap in measured versus modeled BrO, which becomes particularly relevant to reproduce BrO when NO 2 is large, i.e. in the subtropical LS.
Furthermore, Sander et al. (2011) estimate the uncertainty in the reaction rate coefficient k Br+O3 at low temperature (T = 190 K) to be ± 40% (see comment G31). When only considering the two studies which actually measured rather than extrapolated the reaction rate coefficient into the relevant temperature range (T = 190 -200 K) , smaller uncertainty (28%) is indicated (Michael et al. (1978) and Nicovich et al. (1990) ). Therefore, in the following an uncertainty of 28% for ∆k Br+O3 is assumed. Overall, increasing k Br+O3 (model run #585) to the upper limit possible according to the JPL compilation (i.e.
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by factor of 1.28) changes the measured vs modeled correlation for BrO very little (see the red crosses in Fig. 12 and Br inorg y (contribution 4) to total TTL bromine in the range of 5.7 ppt to 7.7 ppt (± 1.5 ppt) is calculated ( Figure 15 ). We note that this range falls well into the range assessed in WMO (2014), or recently estimated by Navarro et al. (2015) (6 ppt range (4 -9) ppt) for contribution of 3 and 4 to the total stratospheric Br y . It is, however, somewhat (up to 2 ppt) larger than some of the earlier studies, including our balloon-borne studies, indicated (for details see section 1).
Here one may wonder whether (a) this result is significant, or that (b) some Br inorg in aging air due to the photochemical decay of the brominated organic source gases and atmospheric mixing processes.
Implications for ozone
The ozone budget in the TOMCAT/SLIMCAT simulation has been analysed based on the rate-limiting steps of the catalytic ozone destruction cycles. The chemical rates are averaged over the tropical region (20 • S -20 • N) for the duration of the campaign. Within this domain, the net rate of ozone change varied from a loss of -0.5 ppbv/day at the base of the TTL (θ = 20 355 K, p = 150 hPa) to a production of + 1.8 ppbv/day at the top (θ= 383 K, p = 90 hPa). This increase with height is due to the strong vertical gradient in the production rate of odd oxygen by O 2 photolysis. Within the catalytic ozone loss cycles in the TTL, the model indicates that those containing bromine contribute between 8% (base of TTL) and 15% (top of TTL) of the total (not shown). By far the dominant contribution to this is through the cycle involving BrO + HO 2 to form HOBr. Overall, the modeled ozone loss cycles which account for majority of the destruction in this region are those with the rate-limiting steps 25 of the reaction HO 2 + O 3 to form OH + 2O 2 and the reaction of HO 2 + HO 2 to form H 2 O 2 , i.e. cycles involving HO x species.
Therefore, increases in the bromine loading of the TTL have the potential to deplete ozone, in a region where climate is most sensitive to O 3 perturbations (Riese et al., 2012) .
Quantifying the radiative impact of the O 3 changes described above is the beyond the scope of this study. However, we can note that (i) recent work has highlighted the efficiency of brominated VSLS at influencing climate (through O 3 ), owing to 30 their efficient breakdown in the UTLS (Hossaini et al., 2015) , and (ii) a significant increase in Br y in this region (from VSLS or other sources) could be important for future climate forcing. The latter could conceivably occur given suggested climateinduced changes to tropospheric transport (e.g., Hossaini et al. (2012b) ) and/or oxidizing capacity due to the expected increase in VSLS emissions from the rapidly growing aquaculture industry (WMO, 2014) .
Conclusions
The subtropical lowermost stratosphere, upper troposphere, and tropopause layer of the Eastern Pacific are probed for inor- Fig. 10 ). This provides evidence that the relevant dynamical processes are represented well in the TOMCAT/SLIMCAT simulations. When the simulated curtains of NO 2 are adjusted with the same parameters as inferred above, excellent agreement is again found between measured and modeled NO 2 , thus providing further confidence in our measurement technique, in the modeled NO y photochemistry, and in our overall approach.
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The measured and modeled TTL concentrations of CH 2 Br 2 , CHBr 3 are found to compare reasonably well after some adjustments to the surface concentrations and atmospheric life times of both species are applied to the model (e.g., [CHBr 3 ] = 1.4 ppt, [CH 2 Br 2 ] = 1.05 ppt at the surface). Further, the contribution to bromine in the LS, UT, and TTL by some other VSLS chloro-bromo-hydrocabrons (e.g., Σ [CHClBr 2 , CHCl 2 Br, CH 2 ClBr, ....]) is accounted for by assuming a constant surface concentration of 1 ppt in the model. From flight-to-flight total organic bromine inferred from these VSLS species is found 15 to vary by ± 1 ppt in the TTL over the Eastern Pacific in early 2013, which clearly indicate different origins and possibly atmospheric processing of the investigated air masses.
The measured BrO concentrations range between 3 -9 ppt in the subtropical LS. In the TTL they range between 0.5 ± 0.5 ppt at the bottom of the TTL, and about 5 ppt at θ = 400 K, in overall good agreement with the model simulations, and the expectation based on the decay of the brominated source gases, and atmospheric transport. In the TTL, the inferred Br inorg y is 20 found to increase from a mean of 2.63 ± 1.04 ppt for θ in the range of 350 -360 K to 5.11 ± 1.57 ppt for θ = 390 − 400 K, respectively, whereas in the subtropical LS it reaches 7.66 ± 2.95 ppt for θ's in the range of 390 -400 K. Also remarkable is the non-negligible Br inorg y found for the lowest altitudes of the TTL, i.e. 2.63 ± 1.04 ppt with a range from 0.5 ppt to 5.25 ppt (or close to zero percent up to 25% of all TTL bromine). This may indicate a sizable, but rather variable influx of inorganic bromine into the TTL, largely depending on the air mass history, i.e. source region, and atmospheric transport and processing. , and many others). Our study, however, sets tighter limits than those previously existing on the amount of Br inorg y and Br org y , the influx of brominated source, and product gases, and the photochemistry of bromine in the TTL and LS.
In particular, our study (re-)emphasizes that (a) variable amounts of VSLS bromine and (b) non-negligible amounts of (2013)). Therefore it is not suprising that TTL Br y is rather variable (i.e. 20.3 ppt to 22.3 ppt) in the studied season. 5 We also note that the amount of Br y over the Eastern Pacific during the convective season assessed here and in the study of Navarro et al. (2015) is somewhat (up to 2 ppt) larger than that presently found on average in the stratosphere (e.g., Dorf Mellouki, A., Talukdar, R. K., Schmoltner, A.-M., Gierczak, T., Mills, M. J., Solomon, S., and Ravishankara, A. R.: Atmospheric lifetimes and ozone depletion potentials of methyl bromide (CH3Br) and dibromomethane (CH2Br2), Geophys. Res. Lett., 19, 2059 Lett., 19, -2062 Lett., 19, , 1992 Michael, J. V., Lee, J. H., Payne, W. A., and Stief, L. J.: Absolute rate of reaction of bromine atoms with ozone from 200 -360 K, J. Atmos.
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10° S SF5, 9-10 Mar SF1, 12-13 Feb SF4, 6-7 Mar SF6, 11-12 Mar SF3, 4-5 Mar can be considered as a marker for young air mostly found in the freshly ventilated TTL. The mean and the variance are for θ = 350 -360 K, 2.63 ± 1.04 ppt; θ = 360 -370 K, 3.1 ± 1.28 ppt; θ = 370 -380 K, 3.43 ± 1.25 ppt; θ = 380 -390 K, 4.42 ± 1.35 ppt; θ = 390 -400 K, 5.1 ± 1.57 ppt, and θ ≥ 400 K, 6.74 ± 1.79 ppt, respectively. 
